Objective: Both disruption of the endothelial nitric oxide synthase (eNOS) gene and pharmacological inhibition of the NOS produce modest hypertension. It is unclear if and to what extent NOS isoforms other than eNOS contribute to this effect and how loss of one copy of the eNOS gene might impact on vascular reactivity or eNOS protein expression. Methods: We examined protein expression, vascular reactivity, activity of soluble guanylate cyclase, blood pressure and heart rate in mice completely lacking the eNOS gene (eNOS ),
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Introduction role in modulation of vascular tone [1] [2] [3] . This enzyme is most abundantly expressed in endothelial cells, and cataThe endothelial cell nitric oxide synthase (eNOS) is one lyses a complex oxidation / reduction reaction in which of three known isoforms of NO-synthase and plays a major L-arginine is converted to citrulline and nitric oxide (nitrogen monoxide). Activation of eNOS by acetylcholine in vitro and in vivo contributes to endothelium-dependent vasorelaxation. While the enzyme is activated by a variety Studies were performed when the mice were 12-14 weeks of agonists and physiological shear stress [4] [5] [6] , it is or age. Mice were sacrificed by CO inhalation. 2 constitutively present in vivo. Inhibition of the enzyme Permission for these studies was provided and the using arginine analogs results in various degrees of hyexperiments were performed according to the guidelines pertension. This observation has led to the concept that for the use of experimental animals as given by the Guide vessels in vivo are under a constant state of vasodilation for the Care and Use of Laboratory Animals of the US produced by endogenously released nitric oxide. A conNational Institutes of Health. founding factor in studies using NO synthase inhibitors in vivo is that these antagonists are, for the most part, not 2.2. Determination of eNOS protein levels specific to any of the various NOS isoforms. This lack of specificity may be important, because inhibition of the After removal, the aortas were immersed in iced trisneuronal isoform has been shown to increase sympathetic buffer (5 mM, pH 7.4) containing the protease inhibitors nerve firing and circulating levels of norepinephrine [7] [8] [9] .
leupeptin, benzamidine, aprotinin, phenylmethylsulfonyl Given this, it is unclear as to what degree inhibition of the fluoride and antipain (10 mg / ml). The tissues were neuronal vs the endothelial isoform might contribute to the homogenized for 30 s using a polytron-homogenizer. The hypertension observed following administration of nonhomogenates were then centrifuged for 10 min at 1003g specific NOS inhibitors.
to remove particulate matter and unbroken cells. Total Recently, it has been shown that mice lacking the eNOS protein levels were determined using the Bradford method gene have modest hypertension [10, 11] offspring were identified from tail clippings using poly-(1 mM) in the presence of 500 mM S-nitroso-N-acetyl-DLmerase chain reactions. Primers complementary to Exon penicillamine (SNAP) or vehicle (0.25% dimethylsulfox-12 of the eNOS gene were used to identify wild-type mice ide). To determine dose-dependent effects of SNAP, the (sense 59GCATCACCAGGAAGAAGACC39, and antiassay volume contained concentrations of these drugs or sense 59GAGCCATACAGATGGTTGCC39), and primers vehicle as indicated in Section 3. complementary to the neomycin-resistance cassette were used to identify for the presence of the disrupting genetic 2.4. Isolated vessel studies insert (sense 59CTCGACGTTGTCACTGAAGC39, and antisense 59TCAAGAAGGCGATAGAAGGC39). Results
Studies of isolated vessels were performed on six each were confirmed using Southern Blot analysis in selected of the eNOS , eNOS , and eNOS mice. Four ring jacketed organ bath (378C) for measurement of tensiondevelopment as previously described [15] . Preliminary experiments demonstrated that the optimal resting tension for development of active contraction was 1.0 g. The vessels were gradually stretched over a one-hour period to this tension. Responses to vasoconstrictors were examined transferred to nitrocellulose. Detection of eNOS was performed by incubation with a monoclonal antibody raised against human eNOS.
Measurement of blood pressure and heart rate
Blood pressure and heart rate were measured in 3. Results eNOS , (n57) eNOS (n54) and eNOS (n57)
for fourteen consecutive days using an automated tailcuff 3.1. Western blot analysis of eNOS protein expression system (Visitech Systems, Apex, NC, USA) specifically made for studies of mice [16] . Mice of both sexes were Western analysis revealed a 133-kd band in homogeused. On each day, three repeated cycles of ten pressure nates of both eNOS and eNOS mouse aortas and
determinations each were made. The first seven days of bovine aortic endothelial cells. The intensity of this band blood pressure measurements were used only to accustom appeared virtually identical between the eNOS and
the mice with the procedure and data were only used from eNOS mice and in both cases increased as increasing
the final seven days of pressure measurement. amounts of total protein were loaded in each lane (n53, To examine the potential role of isoforms of NO Fig. 1 ). No band was detected in the homogenates of synthase other than eNOS in the control of blood pressure eNOS mice aortas ( Fig. 1 ).
and heart rate, eight eNOS mice and eight C57 / Bl6
were treated for 21 days with L-NAME. To accomplish 3.2. Studies of isolated aortic vessels this, L-NAME was added to the drinking water of the mice to achieve a final concentration of 1.5 mg / ml. Based on
In aortas of eNOS mice, acetylcholine and A23187
preliminary experiments which demonstrated that the mice produced only vasoconstriction (Fig. 2) . Thus, disruption drank approximately 2 ml per day, this concentration of the eNOS gene resulted in complete loss of endoresulted in the mice receiving approximately 100 mg / kg of thelium-dependent relaxation. Endothelium-dependent rebody weight. Following 17 days of L-NAME treatment, a laxations evoked by acetylcholine and the calcium ionosecond 6-day series of blood pressures were recorded and phore A23187 were identical between aortic rings of the last four used for data analysis. eNOS and eNOS mice.
Endothelium-independent vasorelaxations induced by 2.6. Statistical analysis nitroglycerin are illustrated in Fig. 3 . In vessels from all Data in the manuscript are presented as mean6standard error of the mean. Relaxations of the isolated vessels to vasodilator stimuli are expressed as a percentage of the preconstriction caused by phenylephrine achieved prior to addition of the respective vasodilator agents. Vasoconstrictions to KCl are expressed in grams and constrictions to other agents are expressed as a percent of the peak KCl response. Dose-response curves were compared between groups of animals using analysis of variance (ANOVA for repeated measures, Graph Pad Prism®, 2.01). Comparisons of blood pressure between the eNOS and 2 / 2 eNOS mice before and after L-NAME treatment were 
Treatment of normal C57BL / 6J-mice with L-NAME for contracted with 0.2 mM phenylephrine and nitroglycerin was given 21 days resulted in a significant increase of blood pressure cumulatively. Aortic rings of homozygotes responded stronger to every (Fig. 6 ) that equalled the increase of blood pressure caused concentration of nitroglycerin than those of wild-type animals (*5P, by disruption of the eNOS gene (Fig. 6, left panel) .
0.05 vs eNOS via ANOVA for repeated measures).
Treatment of eNOS mice with L-NAME had no effect
on blood pressure. By contrast, L-NAME treatment inmice, nitroglycerin produced near complete relaxations duced a significant decrease of heart rate in both C57BL / from the preconstricted tensions, however this response 6J mice and eNOS mice (Fig. 6 , right panel). Fig. 3 ). sponse curves of SNAP were identical in each of the Constrictions caused by 80 mM of KCl were similar in mouse strains (Fig. 7) suggesting that disruption of the all groups of mice, averaging 1.760.2, 2.260.2, and eNOS gene is not associated with changes of the sensitivi-1.960.3 grams in the eNOS , eNOS , and eNOS ty of vascular soluble guanylate cyclase to nitric oxide.
mice respectively. Phenylephrine and serotonin produced vasoconstrictions in vessels from all groups of mice (Fig.  4) . There was no difference in the concentration dependen-4. Discussion cy or the magnitude of vasoconstriction between aortic rings of eNOS and eNOS mice. In contrast, aortic In this study, we sought to further characterize the
rings of the eNOS mice constricted to a markedly consequences of disruption of the eNOS gene on both
greater extent to serotonin and phenylephrine. In other vascular reactivity and systemic hemodynamics. As previexperiments, it was found that acute incubation of aortic ously reported, eNOS mice have modest hypertension
rings of normal mice (C57BL / 6J) with N-nitro-L-arginine and an absence of endothelium-dependent vascular relaxa-(100 mM330 min) resulted in a similar hypersensitivity to tion to acetylcholine [10, 11] . In isolated vessels, we also phenylephrine (data not shown).
found that relaxations to the calcium ionophore A23187 were absent while relaxations to the endothelium-indepen-3.3. Blood pressure and heart rate dent vasodilator nitroglycerin were enhanced. In keeping with the role of nitric oxide in modulating vascular tone, There was no difference in either blood pressure or heart contractions to phenylephrine, and to a lesser extent rate between eNOS and eNOS mice. As previously serotonin, were potentiated. . Blood pressure and heart rate in eNOS , eNOS , and eNOS mice. Measurements were obtained in resting awake animals using a tail-cuff
method. Plotted are average values of 210 single measurements performed at seven consecutive days in each animal. Significant changes (*5P,0.05) were only observed in mice homozygotic for the disruption of the eNOS gene. plasma norepinephrine levels increase substantially [9] . Acute administration of NO synthase inhibitors increase sympathetic nerve activity, even when administered intracysternally into the third ventricle [7, 8] . These observations have raised the suspicion that a portion of the hypertension observed following administration of NOSantagonists may be due to inhibition of the neuronal isoform of NOS. The present studies would suggest that this is not the case. Administration of L-NAME to eNOS mice did not increase blood pressure. Further,
chronic L-NAME treatment increased blood pressure in control mice to a level similar to that observed in the eNOS mice. These findings strongly suggest that the 2 / 2 major effect of NOS inhibition on blood pressure in mice is mediated by blockade of the eNOS enzyme. The lack of a change in blood pressure during prolonged While different NOS antagonists were used in these two studies, it is unlikely that this accounts for the differing effect on the vascular smooth muscle to activate musresults. L-NAME is rapidly converted to L-nitroarginine in carinic receptors and increase intracellular calcium levels vivo, and is not active until this de-esterification occurs respectively. [18] . It is more likely that differences in modes of
In previous studies, it has been reported that either administration and eventual effective concentrations of the removal of the endothelium or pharmacological inhibition inhibitors might account for these varying results. It is also of NO synthase enhances the vasodilation produced by possible that anaesthesia, not used during blood pressure exogenously administered nitrovasodilators [22, 23] . In measurement in our study, could have affected the reaccordance with these prior studies, we found that relaxasponse to NOS inhibition in the previous study. The tions to nitroglycerin were markedly enhanced in aortic decrease in heart rate observed in our study might be segments from eNOS mice. These results demonstrate
related to a similar underlying mechanism as the decrease that the enhanced sensitivity to nitrovasodilators caused by in blood pressure reported in Huang's previous study. Of endothelial-denudation or pharmacologic NO synthase note, in a recent preliminary study, chronic oral adminisinhibitors is independent of non-specific effects. It is tration of L-NAME paradoxically lowered blood pressure unlikely that the chronic loss of an effect of endogenous by about 9%, in a fashion similar to that observed by nitric oxide on the vascular smooth muscle guanylate Huang et al. [10, 19] . Notwithstanding the issue of whether cyclase sensitizes this enzyme to the effects of exogenousor not NOS antagonists might lower blood pressure, it is ly administered nitric oxide. The sensitivity of isolated clear that neither acute nor chronic administration of these vascular soluble guanylate cyclase to the nitric oxide donor agents increase blood pressure in eNOS mice. This SNAP was not changed by disruption of the eNOS gene
finding suggests that other isoforms of NOS unlikely (Fig. 7) . In contrast, it is conceivable that the enhanced contribute, either directly or indirectly, to vasodilation in aortic relaxations to nitroglycerin are related to an invivo.
creased vascular bioactivation of this organic nitrate As previously described, the hypertension in the caused by the lack of endogenous production of nitric eNOS mice was found to be associated with a relative oxide. Previous investigations have shown that nitric oxide
bradycardia compared to mice with intact eNOS gene [11] . is capable of inhibiting the bioconversion of nitroglycerin Of interest, we also found that treatment of control mice [24] . Interestingly, the response to nitroglycerin in vessels with L-NAME produced a marked decrease in heart rate to from eNOS mice was also modestly enhanced. The
values below that observed in the untreated eNOS mechanism for this remains unclear. This finding could be
mice identical to those observed in the eNOS mice due to an alteration of basal production of nitric oxide in
treated with L-NAME. Taken together, these results show vessels from the eNOS mice, however we believe this
that endogenous nitric oxide production contributes subis unlikely based on our other physiological findings and stantially to heart rate control and that both eNOS and the Western analysis. It is conceivable that the bioactivalikely other isoforms of NOS are involved. The mechanism tion process is also altered in mice with only one copy of whereby nitric oxide could control heart rate has recently the eNOS gene. been studied in detail [20] . The results of this investigation
In addition to alterations of vasodilation in aortic showed that nitric oxide can increase heart rate by segments from eNOS mice, we also found that these blood pressure. One might have expected that a baroreflex increase in sensitivity to these vasoconstrictor compounds effect would be lost over time due to baroreflex resetting, could contribute to the hypertension observed in the which is commonly observed in other hypertensive eNOS mice and in other models in which NOS is 2 / 2 models. There is some evidence to suggest that endopharmacologically inhibited. Recent data suggests that thelium-derived mediators in the carotid sinus may be cGMP-dependent protein kinase participates in phosinvolved in heart rate control and that the production of phorylation of the cytoplasmic domain(s) of G-protein these may be affected by loss of nitric oxide [21] . dependent receptors, leading to uncoupling to downstream As previously reported, acetylcholine-induced endoactivation pathways [25] . The loss of NO might therefore thelium-dependent vascular relaxation were absent in increase receptor mediated vasoconstrictor mechanisms, aortas from eNOS mice [10] . In our study, both such as those mediated by alpha-adrenergic and 2 / 2 acetylcholine and the calcium ionophore A23187 produced serotoninerigic receptors. marked constrictions in the eNOS mice, while producThe mice used in this study were offspring of F2 hybrids heart rate and vascular reactivity could be due to differ- no differences of heart rate or blood pressure associated 
